Rationale: The Gitelman's syndrome (GS) is characterized by metabolic alkalosis, hypokalemia, hypomagnesemia, and hypocalciuria. However, the involvement of this deranged electrolyte balance in patients with GS in parathyroid hormone action has not been known.
Introduction
The presence of electrolyte imbalance, including hypokalemic metabolic alkalosis, hypomagnesemia, and hypocalciuria with normal serum calcium levels, are prominent features in Gitelman's syndrome (GS). [1] [2] [3] A defect of the thiazide-sensitive NaCl cotransporter (TSC) causes such electrolyte imbalance through decreased reabsorption of sodium and chloride at the renal distal tubule, leading to inappropriate renal potassium wasting. These electrolyte imbalance are resolved through a liberal salt intake together with oral administration of potassium. [1, 4] GS is an autosomal recessive disorder caused by the solute carrier family 12 member 3 (SLC12A3) gene mutation. This gene encodes TSC and magnesium channels in the thiazide-sensitive segment of the renal distal convoluted tubule. [2, 5] A wide variety of more than 400 SLC12A3 mutations in patients with GS have been identified. [6] [7] [8] [9] Hypomagnesemia is frequently associated with coexisting electrolyte imbalance, including hypokalemia and hypocalcemia. Hypocalcemia is secondary to hypoparathyroidism induced by hypomagnesemia. [10, 11] However, hyperphosphatemia and associated hypoparathyroidism due to hypomagnesemia concomitant with GS have not been known. We here report a rare case of a patient with GS in addition to severe hyperphosphatemia and inappropriately normal parathyroid hormone (PTH) levels complicated by severe hypomagnesemia. Furthermore, we detected 2 heterozygous pathogenic variants in SLC12A3 gene, leading to GS, utilizing targeted sequence for all salt-losing tubulopathy causative genes. Single oral magnesium oxide administration improved her clinical symptoms of tetany and electrolyte imbalance. These findings suggest an association between severe hypomagnesemia caused by GS and the absence of appropriate PTH action.
Case report
A 34-year-old woman in previous good health was admitted to hospital complaining of muscle weakness and tetany/seizures for 1 year. On admission, the patient was 162.8 cm tall and weighed 53.7 kg, with a body mass index of 20.3 kg/m 2 . Her blood pressure was 112/78 mm Hg. She showed Chvostek's sign, but no physical signs or digestive symptoms, including anorexia nervosa, vomiting, or diarrhea. She had not taken any medications, such as laxatives, diuretics, street drugs. She had also not attempted to lose weight. She was a nonsmoker nor alcohol drinker, and she had no allergies. The family history was negative for electrolyte imbalance or other forms of endocrinopathy. Her parents were not consanguineous.
Severe hypomagnesemia, hypocalcemia, and hyperphosphatemia in addition to hypokalemia without metabolic alkalosis were observed (Table 1) . Urinary calcium excretion was decreased, whereas urinary magnesium was elevated compared with low serum values. Her plasma renin and aldosterone levels remained within the normal range. The serum creatinine level and glomerular filtration rate were normal. Her intact PTH level was relatively low in consideration of severe hypocalcemia. The serum alkaline phosphatase level was normal. The laboratory findings were indicative of GS, except for hypocalcemia, hyperphosphatemia, and hypokalemia without metabolic alkalosis. A renal function test using furosemide or thiazide is desirable when GS is suspected. [12] Therefore, we performed a renal function test in our case for assessment of the renal reabsorption rate of chloride in the distal tubule in morning fasting according to the described protocol. [12] Her renal reabsorption rate of chloride in the distal tubule was markedly decreased using furosemide (from 68.4% to 10.4%), but not by thiazide administration (70.4% to 63.5%), which led to the final diagnosis of GS. To alleviate the symptoms of muscle weakness and tetany/seizure, she had adequate electrolyte supplementation therapy of 8.5% calcium gluconate (20 ml/d) and magnesium sulfate (40 mEq/d) infusion. These supplementations were tapered within 2 days of admission. She has taken no supplementation since day 7 after admission. The clinical course was uneventful. She had a regular diet. Her serum potassium level returned to the normal range, and muscle weakness and tetany disappeared, although her serum calcium and magnesium levels persisted at 2.2 mmol/l and 0.7 mmol/l, respectively, which slightly exceed the lower limit of the normal range. Without any additional potassium gluconate and calcium replacement therapy, her serum potassium, calcium, magnesium, and phosphorus levels during oral administration of a low dose of magnesium oxide (0.6 g/d) were all within the normal range after discharge from our hospital (Fig. 1) . Additionally, intact PTH levels were normalized (from 6.1 to 8.2 pmol/l) after hypomagnesemia was corrected.
Genetic analysis was performed using the patient's peripheral blood lymphocytes. It was first screened by targeted sequence including all salt-losing tubulopathy causative genes followed by Sanger sequence. As a result, she had 2 heterozygous mutations in the SLC12A3 gene, one of which has been reported previously as a GS disease-causing mutation (c.1732G>A, p.Val578Met). [13] The other heterozygous mutation (c.2537_38delTT, p.846fs) has not been previously reported (Fig. 1) .
Our case report was waived from the ethical approval or institutional review board of Hokkaido University Hospital, based upon their policy to review all intervention and observational study except for a case report. Written informed consent was obtained from the patient for the publication of this case report. The presented data are anonymized and risk of identification is minimal.
Discussion
This is the first report to show a rare case of an adult woman with GS who presented with a combination of hyperphosphatemia and hypocalciuric hypocalcemia. These conditions were suspected to be secondary to hypoparathyroidism induced by hypomagnesemia. GS is characterized by electrolyte imbalance, including hypokalemia, hypomagnesemia, hypocalciuria, metabolic alkalosis, and hyperreninemic hyperaldosteronism. This imbalance is mimicked by the condition of patients who are taking thiazide diuretics, the affected transporter in GS being the exact target of thiazides. [14] Hypokalemia with metabolic alkalosis in patients with GS is associated with decreased reabsorption of sodium at the TSC. Subsequently, increased potassium losses occur via the renal outer medullary potassium channel and are largely driven by secondary aldosteronism. [14] Hypomagnesemia then develops during chronic thiazide administration because transient receptor potential channel subfamily M member 6 downregulation might be involved in hypomagnesemia accompanying TSC inhibition or inactivation. [15] Hypocalciuria with normal serum calcium levels, but not hypocalcemia, is a prominent feature in GS. [1] Enhanced passive calcium transport in the proximal tubule, rather than active calcium transport in distal convolution, leads to thiazide-induced hypocalciuria. The time-dependent effect of a single thiazide leads to development of hypocalciuria and a compensatory increase in sodium reabsorption secondary to natriuresis. [15] It is known that hypocalciuric hypocalcemia is widely related with renal disease, vitamin D malabsorption, pancreatitis, administration of drugs, and hypoalbuminemia. However, those kinds of pathogenesis were excluded in our case. Additionally, the severity of hyperphosphatemia in our case failed to meet features of GS. Although little has been known about renal regulation of phosphate homeostasis, a tendency towards renal phosphate wasting not related to altered circulating levels of either 25-hydroxyvitamin D or PTH is suggested in GS. [16] Therefore, our case of GS coexisted with atypical clinical features of hyperphosphatemia and hypocalciuric hypocalcemia.
Generally, clinical conditions that exhibits both hypocalciuric hypocalcemia and hyperphosphatemia have been suspected the pathophysiology of hypoparathyroidism. Hypomagnesemia is a cause of hypoparathyroidism. [17] Under the hypomagnesemic state, renal and skeletal resistance to PTH action is increased and adenylate cyclase activity in parathyroid cells is inhibited, leading to blunted secretion of PTH. [18] Our case with GS may have presented with hypocalciuric hypocalcemia and hyperphosphatemia because sustained very low magnesium levels by GS led to resistance to PTH action and disturbed secretion of PTH. This absence of PTH action resulted from chronic hypomagnesemia as shown by a relative increase in intact PTH levels (from 6.1 to 8.2 pmol/l) after replenishing magnesium stores, although serum calcium levels arose to the normal range (from 1.3 to 2.1 mmol/l). Hypomagnesemia is associated with removing ATP inhibition of potassium channels by a decline in intracellular ATP activity, presumably leading to hypokalemia. [19] Despite the deranged electrolyte balance in our patient with GS, all manifestations were resolved by supplementation of single oral administration of magnesium without potassium.
In patients with GS, severe hypomagnesemia impairs PTH response to peripheral stimuli and induces severe hypocalcemia. [5] Additionally, disturbed secretion of PTH leads to a blunted relationship among PTH levels, ionized calcium concentrations, and calcitriol. [4] Plasma phosphate and urinary fractional phosphate excretion are generally normal in the absence of PTH action. [14] Therefore, hyperphosphatemia and associated hypoparathyroidism due to hypomagnesemia concomitant with GS have not been determined.
The genotyping study of our patient detected the variant c.1732G>A (p.Val578Met) and the variant c.2537_38delTT (p.846fs), both in heterozygosity, in the SLC12A3 gene. The variant c.1732G>A (p.Val578Met) was described in other patients with GS. [13] The other variant, a heterozygous 2-bp (TT) deletion at 2537-2538 (Fig. 2) , was a novel mutation in patients with GS. This deletion would result in a frameshift that alters codon 846 to encode a stop signal, and it is predicted to lead to loss of the latter half of the intracellular carboxy terminus. Because of a lack of functional studies, this variant has undetermined significance. However, a frameshift usually shows a more severe phenotype than missense mutations and in-frame deletion mutations in human inherited disorders. [20] The presence of this novel mutation of c.2537_38delTT (p.846fs) may have been associated with the remarkably severe magnesium depletion by GS in our case.
In conclusion, our observations suggest that severe hypomagnesemia caused by GS is associated with the absence of PTH action. This case emphasizes the importance of taking into consideration the possibility of GS in a patient who shows hypocalcemia and hyperphosphatemia, as well as the importance of replacement therapy of magnesium in this electrolyte imbalance. 
